Background {#Sec1}
==========

Biorefineries require low-cost feedstock and cost-competitive conversion processes to be economically viable. Significant progress has been made to improve biomass to fuel conversion, but feedstock cost is still a major factor impeding biorefinery commercialization \[[@CR1]\]. For example, raw feedstocks are reported to contribute over 40% of the operating costs in lignocellulosic biomass-based ethanol production \[[@CR1], [@CR2]\].

Poplar, woody biomass from different species (or hybrids) within the genus *Populus*, is well recognized as an excellent bioenergy feedstock \[[@CR3]\]. Poplar is one of the most productive temperate wood species with rapid growth rate and abundant biomass accumulation \[[@CR3]\]. Besides growing on forest lands or farm lands, poplar can thrive on marginal lands with little fertilization or irrigation \[[@CR4]\]. Given the diverse genetic base and available genome sequence \[[@CR5]\], it is easy to tailor the characteristics of poplar through crossbreeding and/or genetic modification. Progresses have been made to achieve higher saccharification or fermentation yields from poplar by increasing cellulose content, altering the content and syringyl/guaiacyl (S/G) ratio of lignin, and suppressing the synthesis of certain hemicellulose \[[@CR3]\]. As a perennial woody biomass, poplar can be harvested any time to fulfill the feedstock requirements of a biorefinery. On-demand harvest reduces feedstock handling costs by eliminating the need for feedstock storage infrastructure and avoiding degradation during long-term storage \[[@CR6], [@CR7]\]. In addition to these economic advantages, poplar has important traits for sustainability and possesses proven environmental benefits. Poplar tree farms provide many environmental services including carbon sequestration, erosion control, soil remediation, wastewater treatment, and wildlife habitat \[[@CR8]\].

Poplar, depending on the final application, is cultivated in two types of plantation systems---short rotation coppice (SRC) and short rotation forestry (SRF) (Fig. [1](#Fig1){ref-type="fig"}). Both systems share traits of fast growing trees, ease of propagation, marginal land usage, and environmental services, but are different in terms of stand density, growing rotation, and harvest strategy (Table [1](#Tab1){ref-type="table"}).Fig. 1Plantation management strategies of short rotation coppice (SRC) and short rotation forest (SRF) systems Table 1Management strategies, current applications of poplar from short rotation forestry system (SRF), and short rotation coppice system (SRC)Short rotation coppice (SRC)Short rotation forestry (SRF)Management strategies Tree density (stand/ha)≥1500 \[[@CR12]\]500--1500 \[[@CR11], [@CR12]\] Plantation rotation (years)2--5 \[[@CR15]\]8--20 \[[@CR11], [@CR13]\] Productivity (odt^d^/ha year)Up to 25 \[[@CR10]\]^a^6.1--16.3 \[[@CR14]\]^b^ Harvest biomass (%)\~10030 \[[@CR16]\]ApplicationsHeat and powerPulpwood, sawlog, and lumberPrice (\$/odt)N/A^c^50--120 \[[@CR17]\]^a^Leafless total coppice data^b^Saw log component data^c^Feedstock market price of SRC not available^d^"odt" stands for oven dry tonne

The short rotation coppice (SRC) system was initially developed for energy crop production, especially solid fuel for heat and power generation \[[@CR9]\]. Poplars are planted at densities higher than 1500 trees/ha in the SRC system and maintained using intensive agricultural-type crop management (Table [1](#Tab1){ref-type="table"}) to achieve maximal biomass yields---up to 25 odt/ha year (research plot records) \[[@CR10]--[@CR12]\]. The high yield and whole tree harvesting result in a lower feedstock cost.

Short rotation forestry (SRF) is another tree plantation system, which has been commercialized to provide woody commodities such as pulpwood, sawlogs, and lumber to various markets. In the SRF system, poplars are managed with more conventional tree farming practices using 8--20 year rotations \[[@CR11], [@CR13]\] (Fig. [1](#Fig1){ref-type="fig"}). Poplars are grown as large, single-trunk trees at densities of 500--1500 trees/ha \[[@CR11]\]. The reported productivity of SRF system is lower (6.1--16.3 odt/ha year) \[[@CR14]\], but the products such as sawlog, lumber, and pulpwood are more valuable compared to the coppice products from the SRC system (Table [1](#Tab1){ref-type="table"}). Poplars managed in SRC tree farms are attractive alternatives to conventional SRF practice to provide less expensive biomass for biorefineries. SRC management accelerates plant growth and maximizes land productivity, and provides revenue in as short as 2 years. Coppicing eliminates the costs of land preparation and replantation for up to 20 years (Fig. [1](#Fig1){ref-type="fig"}). Initially planted from cuttings, poplars are grown for 2 years before the first coppice to properly establish the root system. The already developed root system stimulates the growth of multiple stems per stump, supporting greater biomass accumulation in a shorter time commitment \[[@CR18], [@CR19]\]. In the succeeding rotations, coppicing triggers vigorous juvenile growth, accelerates plant intrinsic regeneration, and ultimately maximizes the biomass yield \[[@CR9], [@CR20]\]. When establishing the SRC plantation, the first cycle (a 2-year cycle) grows from the cuttings and yields less biomass per hectare compared to the subsequent rotations. However, as mentioned above, the first coppice is essential for the following rotations and is unavoidable in an approximate 20-year lifespan of SRC tree farms. The SRC poplar used in this study is originated from the first cycle after 2-year growth.

Harvesting represents one of the most energy-intensive operations in the tree farm practice and adds a significant cost in the overall feedstock supply chain \[[@CR21]\]. Small-dimensioned trees in SRC system (2--5 years depending on the growth) can be harvested efficiently using fully mechanized agricultural machinery which integrates cutting and chipping. Schweier et al. \[[@CR22]\] evaluated a "trees to chips" harvester and described the system as reliable and cost-efficient.

Bioconversion of debarked poplar wood from mature trees has been extensively studied \[[@CR23]\]. In addition, there has been some research on bioconversion of poplar with bark to assess how heterogeneous woody biomass might perform. Those investigations gave mixed results with DeMartini \[[@CR24]\] reporting that bark was inhibitory to enzymatic actions, while Schütt \[[@CR25]\] found no significant difference between debarked and non-debarked poplar during enzymatic hydrolysis of steam-pretreated solids. No one has investigated bioconversion of whole tree poplar, which contains (whitewood) chips, bark, branches, and even leaves if harvest is done in the growing season. In addition, the material that will be produced in the initial 2-year harvest is very heterogeneous. Poplar for biofuels will be grown using the SRC system because of its earlier growth culmination and shorter harvest cycle. It is essential, therefore, that the performance of this material for bioconversion be thoroughly assessed. The purpose of our research is to make this assessment. This paper presents research on the bioconversion of SRC poplar from the initial 2-year harvest. It aims to 1) characterize the SRC poplar in terms of physical and chemical properties, 2) investigate and improve the sugar production of SRC poplar in bioconversion, and 3) evaluate the economics of SRC poplar to biofuel process. Subsequent papers will present work on bioconversion of poplar coppice harvested in ensuing rotations.

Methods {#Sec2}
=======

SRC poplars were harvested and chipped using a whole tree harvester after 2-year growth following planting. The harvested biomass, the whole tree coppice (WTC), was characterized by separating and analyzing its four main components: leaf, bark, branch, and (whitewood) chip. By sorting out leaves, we obtained leaf coppice (LC, including only leaf) and no-leaf coppice (NLC, including bark, branch, and chip) (Fig. [2](#Fig2){ref-type="fig"}). The chemical compositions of WTC, NLC, and LC were analyzed and compared with whitewood from forestry (WWF). The four poplar feedstocks were then processed in the same way through pretreatment and enzymatic hydrolysis. The WTC, NLC, LC, and WWF were steam-pretreated at 195 °C for 5 min with SO~2~ (3% w/w) impregnation. After separation, the chemical compositions of the water-insoluble fractions (WIF) and water-soluble fractions (WSF) were analyzed. Water-insoluble fractions were then enzymatically hydrolyzed at 5% (w/v) consistency and 5 FPU/g cellulose enzymes loading (Fig. [2](#Fig2){ref-type="fig"}). The overall monomeric sugar yields (kg monomeric sugars/tonne biomass) and recoveries (kg monomeric sugars/kg original sugars × 100%) were used to assess the impact of leaf removal following steam pretreatment and enzymatic hydrolysis, and to evaluate the efficiency of using poplar coppice in bioconversion. The experimental results were input into a modified NREL biochemical conversion model for economic analysis \[[@CR1]\].Fig. 2Process flow diagram for bioconversion of different poplar feedstocks (WTC, NLC, LC, and WWF) into sugars

Raw material {#Sec3}
------------

Two-year-old SRC poplar used in this research is a hybrid of *Populus trichocarpa* and *Populus deltoides*, obtained from a plantation near Jefferson, OR managed by GreenWood Resources (Portland, OR). In spring 2012, poplars were established with 10″ to 22″ long cuttings in rows with at high density of 1452 stems per acre (3630 stems per hectare). In September 2013, the harvest of stock like crops occurred before defoliation. The 2-year-old poplar was harvested and chipped using a fully mechanized harvester---a modified forage harvester New Holland FR9080 (New Turin, Italy) equipped with 130FB biomass header \[[@CR22]\] (Fig. [1](#Fig1){ref-type="fig"}). As Fig. [2](#Fig2){ref-type="fig"} shows, NLC and LC were prepared by separating the leaf component from 5 kg original coppice feedstock. One kg (OD) of the WTC was manually sorted into four components: leaf, bark, branch, and (whitewood) chip. After sorting, the individual components were oven-dried to determine the physical composition of the feedstock. In the current study, all the biomass obtained from the 1st cycle harvest are identified as coppice samples. Chips from mature 12-year-old poplars (*Populus deltoides* × *Populus nigra,* clone OP-367), also provided by GreenWood Resources, were included in this study as reference biomass. Fresh poplar was debarked and chipped into 1.0 cm × 2.0 cm at 5 mm thickness chips. These clean poplar chips are termed whitewood forestry (WWF). All samples were stored and kept frozen at −20 °C until use.

Pretreatment and processing conditions {#Sec4}
--------------------------------------

Four types of poplar feedstocks, WTC, NLC, LC, and WWF, were processed in the same condition. Each feedstock of 600 g oven-dried (OD) weight was pre-impregnated overnight with anhydrous SO~2~ in plastic bags at atmospheric pressure. The amount of SO~2~ added to the bag corresponded to 3% (w/w) loading, and was determined by weighing the bag before and after the addition of gas.

Steam explosion pretreatment was performed in a 2.7 L batch reactor (Aurora Technical, Savona, BC, Canada). Briefly, samples were loaded and heated at temperature 195 °C for 5 min. Following the reaction time, the pneumatic valve was opened to explode and discharge the biomass into a collection container.

After steam explosion, the pretreated biomass slurry was separated into WSF and WIF using vacuum filtration. The WIF was then washed with a volume of deionized water equivalent to 20 times the dry weight of the sample to remove the free sugars.

Enzymatic hydrolysis {#Sec5}
--------------------

Enzymatic hydrolysis was carried out using cellulase (Celluclast 1.5 l, Sigma) at 5 Filter Paper Units (FPU)/g cellulose and *β*-glucosidase (Novozyme 188, Sigma) at 10 cellobiase units (CBU)/g cellulose. The WIF was hydrolyzed at 5% (w/v) consistency in a total volume of 50 ml in 125 ml Erlenmeyer flasks. The flasks were incubated at 50 °C and 175 rpm in a New Brunswick shaker. Additionally, 50 mM citrate buffer was added to maintain the pH at 4.8, and tetracycline (40 µg/ml) and cycloheximide (30 µg/ml) were used to inhibit microbial contamination. One ml samples were taken periodically, boiled for 10 min to denature enzymes, filtered through a 0.22 µm syringe filter, and stored at −20 °C until analysis.

Compositional analysis {#Sec6}
----------------------

### Ash and extractives {#Sec7}

Ash content of raw biomass samples was measured gravimetrically by heating 20-mesh-milled dry biomass to 575 ± 25 °C for 18 ± 6 h \[[@CR26]\]. Water and ethanol extractives of raw biomass were determined according to National Renewable Energy Laboratory (NREL) methods \[[@CR27]\].

### Soluble fraction carbohydrates and degradation products {#Sec8}

Monomeric/oligomeric soluble carbohydrates and degradation products were determined using NREL LAP TP-510-42623 \[[@CR28]\]. Briefly, 0.7 ml of 72% H~2~SO~4~ was added to 15 ml of the liquid samples, and the volume made up to 20 ml with water. Samples were autoclaved at 121 °C for 60 min. The samples were then analyzed by a Dionex (Sunnyvale, CA) HPLC (ICS-3000) system equipped with an anion exchange column (Dionex, CarboPac PA1) and an electrochemical detector using deionized water at a flow rate of 1 ml/min as an eluent \[[@CR29]\]. Oligomeric sugar was calculated by subtracting monomeric sugar content from total sugar content determined after acid hydrolysis.

Degradation products, such as acetic acid, furfural, and HMF, were determined using a Shimadzu Prominence LC equipped with an anion exchange column (Rezex RHM Monosaccharide H^+^ (8%) Phenomenex, Inc., Torrance, CA) using 5 mM H~2~SO~4~ at 0.6 ml/min \[[@CR29]\]. Phenolic concentration in the WSF was assayed by the Folin Ciocalteu method \[[@CR30]\] using a spectrophotometer (Shimadzu, Tokyo, Japan) at 765 nm. Gallic acid was used as calibration standard.

### Insoluble fraction carbohydrates, acetate groups, and phenolics {#Sec9}

The chemical compositions of raw biomass and WIF were determined according to a modified method derived from TAPPI Standard Method \[[@CR31]\] and NREL protocols \[[@CR32]\]. Briefly, 0.2 g of finely ground oven-dried sample was treated with 3 ml 72% H~2~SO~4~ for 120 min at room temperature, and then diluted into 120 ml total volume and autoclaved at 121 °C for 60 min. Klason lignin contents were determined by gravimetric methods to estimate phenolic content. It should be noted that in components such as leaf, branch, and bark, phenolic compounds are not necessarily fully lignified and therefore are defined as phenolics other than lignin \[[@CR33]\]. After filtration through tared sintered glass crucibles, the carbohydrate and acetyl compositions of the filtrate are analyzed by HPLC, and the acid soluble lignin (phenolics) in the filtrate is analyzed by UV at 205 nm \[[@CR29]\].

Sugar yield and recovery calculation {#Sec10}
------------------------------------

A complete mass balance was calculated using the composition and total mass of each WSF and WIF leaving pretreatment and enzymatic hydrolysis \[[@CR23]\]. Yields and recoveries were calculated based on the input feedstock mass and original sugars available in the raw feed, respectively. In this manuscript, "yield" was defined as the amount of sugars converted from unit weight of feedstock. It is determined based on the total mass of sugars in the solid and liquid phases normalized by the initial oven dry mass of biomass (kg sugars/tonne biomass). Recovery is defined as the percentage of theoretical sugar yield by calculating the total mass of sugars in the solid and liquid phases normalized by the initial mass of sugars in the biomass (kg sugars/kg original sugars × 100%). Similarly, monomeric sugar yield is defined as total mass of monomeric sugars in the hydrolyzed solid and liquid phases normalized by the initial oven dry mass of biomass (kg monomeric sugars/tonne biomass), and monomeric sugar recovery is defined as the total mass of monomeric sugars in the hydrolyzed solid and liquid phases normalized by the initial mass of sugars in the biomass (kg monomeric sugars/kg original sugar × 100%).

Buffering capacity test {#Sec11}
-----------------------

The buffering capacity of SRC biomass was investigated by titration as described by \[[@CR34]\]. Briefly, 50 g OD weight of raw biomass was soaked in 1 l deionized water at a temperature of 80 °C for 30 min. Biomass was then removed by filtration and 800 ml of liquid was titrated by 0.1 M H~2~SO~4~ to a pH of 1.5. Deionized water was used as blank for reference.

Economic assessment {#Sec12}
-------------------

The economic potential for using the 2-year 1st cycle coppice as a biorefinery feedstock was assessed. It was assumed that this material is an intermittent feedstock and the biorefinery would be designed to handle the feedstock harvested from subsequent rotations. We determined the ethanol selling price the biorefinery would need to just cover the operating cost of producing alcohol from the 2-year-old coppice. Any selling price less than this would result in the biorefinery losing money and would not be an acceptable. The minimum ethanol price was calculated following the method outlined in the 2011 biochemical conversion of lignocellulosic ethanol report from NREL \[[@CR1]\], modified for the poplar feedstock with the cost updated to 2015 USD. An Aspen Plus model (Aspen Plus™, V8.6) of the biorefinery was developed using the yields and recoveries determined in this research. Process yields are the most critical variable driving process economics and the process yields used in the Aspen model are given in the Additional file [1](#MOESM1){ref-type="media"}: Table S1. The feedstock price was determined from the heating value of the poplar with the assumption that the most realistic market for the 2-year-old trees would be hog fuel. A price of \$2.8/MMBtu (\$0.00265/MJ) was used for the calculation \[[@CR35]\].

Data analysis {#Sec13}
-------------

The results were subjected to one-way analysis of variance (ANOVA) analysis followed by a Tukey's test. Triplicate samples were separate runs conducted for each type of feedstock. All data are represented as the mean of triplicates with standard deviation. The percent differences in data comparison represent the absolute values, unless otherwise indicated. Chemical composition, sugar conversion of enzymatic hydrolysis, sugar yield, and recovery following steam pretreatment, and monomeric sugar yield and recovery after steam pretreatment and enzymatic hydrolysis were analyzed based on 5% alpha level (95% confidence interval). Statistical differences in chemical composition, physical characteristics, and sugar yield were determined from *p* values (*p* \< 0.05). Data were analyzed using R (version 3.0.1) software. In this manuscript, any data analysis mentioned as "significant" represents statistically significant (*p* \< 0.05).

Results and discussion {#Sec14}
======================

Physical and chemical compositions of SRC biomass {#Sec15}
-------------------------------------------------

As Table [2](#Tab2){ref-type="table"} shows, WTC consisted of 37% leaf, 9% bark, 12% branch, and 42% chip. Chips comprised less than half of the dry WTC, while leaves comprised over one-third of the total dry biomass. The relatively small chip content was mainly due to the tree age and management practice \[[@CR36]\]. In a conventional poplar plantation, leaf, bark, and branch components are considered low value and may be discarded after harvest.Table 2Physical and chemical compositions of four components in SRC poplar and SRF poplarPhysical composition (%)Chemical composition (%)ArabinanGalactanGlucanXylanMannanTotal sugarTotal phenolicsAcetic acidAshExtractivesWTC Leaf372.9 ± 0.12.3 ± 0.113.1 ± 0.63.9 ± 0.20.6 ± 0.122.7 ± 0.139.8 ± 0.12.3 ± 0.310.5 ± 0.127.6 ± 1.3 Bark94.0 ± 0.12.1 ± 0.124.4 ± 0.14.1 ± 0.10.6 ± 0.135.2 ± 0.132.9 ± 0.32.6 ± 0.26.9 ± 0.227.7 ± 0.5 Branch122.9 ± 0.11.8 ± 0.123.9 ± 0.17.2 ± 0.40.9 ± 0.136.8 ± 0.129.2 ± 0.43.4 ± 0.25.7 ± 0.121.9 ± 0.9 Chip420.5 ± 0.10.7 ± 0.138.5 ± 0.314.3 ± 0.11.8 ± 0.255.8 ± 0.224.2 ± 0.24.4 ± 0.31.3 ± 0.112.3 ± 0.4WWFN/A0.4 ± 0.00.4 ± 0.146.5 ± 0.913.1 ± 0.22.6 ± 0.163.0 ± 0.425.3 ± 0.21.2 ± 0.10.7 ± 0.15.2 ± 0.4± All data are represented as the mean of triplicates with standard deviation

The chemical compositions of the four main components are listed in Table [2](#Tab2){ref-type="table"}. It was found that the chemical compositions across the four main components were significantly different. Among all components, chip represented the best general chemical composition for biofuel production, with the highest sugar content (55.8%), the lowest total phenolic content (24.2%), and just 1.3% ash. In contrast, leaf had the lowest total sugar (22.7%) but the highest total phenolic and ash contents (39.8% and 10.5%, respectively). In bark and branch, the total sugar, total phenolic, and ash contents were in between those of chip and leaf.

As Table [2](#Tab2){ref-type="table"} reveals, the WWF exhibited significantly higher total sugar content, and lower acetic acid, ash, and extractives contents than all the components from WTC. Although the chip was most suitable for bioconversion among four WTC components, it was still less desirable than WWF. In particular, WWF had a 7.2% higher total sugar content, 0.7% lower ash content, and 7.1% less extractives compared to the chip from WTC. Previous studies demonstrated that the radius, length, and cell wall thickness of fibers increase as tree ages, and as a result the chemical composition differs between juvenile and mature wood \[[@CR37]\]. Our observations confirmed the fact that juvenile wood is lower in cellulose, but higher in lignin, ash, and extractives than mature wood \[[@CR24], [@CR38]\].

The low sugar content leaf consisted of 37% of the total dry WTC biomass (Table [2](#Tab2){ref-type="table"}). Consequently, the presence of leaf increased the non-carbohydrate constituent and reduced the proportion of convertible sugar in WTC. Additionally, high phenolic content, ash, and extractives in the leaves will have negative impacts on the bioconversion process \[[@CR39]--[@CR42]\]. The leaves appeared to be problematic. So we conducted a leaf separation to change the raw biomass chemical composition and examine the impacts of leaf removal in bioconversion.

Table [3](#Tab3){ref-type="table"} presents the compositional analysis of NLC, WTC, LC, and WWF. Leaf removal significantly changed the physical composition of SRC biomass, increasing chip composition to 67%. The original biomass, WTC, was composed of 41.3% total sugar, 32.1% total phenolics, 3.7% acetic acid, 5.5% ash, and 21.0% extractives (Table [3](#Tab3){ref-type="table"}). Besides glucan and xylan, the WTC consisted of 5.0% of minor sugars, which were mainly attributed to the presence of bark, branch, and leaf, as these sugars are rarely observed in mature poplar wood \[[@CR37]\]. Following leaf removal, the sugar content increased by 8.2%, while total phenolic, ash, and extractives contents decreased by 5.3, 2.1, and 4.3%, respectively. Leaf removal generated a feedstock (NLC) with a 49.5% total sugar content. The total sugar content of the NLC was still 13.6% lower, and the ash and extractives contents were 4 and 2 times higher, respectively, compared to WWF.Table 3Chemical and physical compositions of NLC, WTC, LC, and WWFPhysical composition (%)Chemical composition (%)LeafBarkBranchChipArabinanGalactanGlucanXylanMannanTotal sugarTotal phenolicsAcetic acidAshExtractivesNLC01518671.5 ± 0.11.3 ± 0.133.2 ± 0.511.9 ± 0.31.6 ± 0.149.5 ± 0.226.8 ± 1.04.3 ± 0.33.4 ± 0.016.7 ± 0.0WTC37912422.1 ± 0.11.7 ± 0.126.9 ± 0.59.4 ± 0.31.2 ± 0.141.3 ± 0.232.1 ± 1.03.7 ± 0.15.5 ± 0.121.0 ± 0.6LC1000002.9 ± 0.12.3 ± 0.113.1 ± 0.63.9 ± 0.20.6 ± 0.022.7 ± 0.139.8 ± 0.12.6 ± 0.510.5 ± 0.127.6 ± 1.3WWF0001000.4 ± 0.00.4 ± 0.146.5 ± 0.913.1 ± 0.22.6 ± 0.163.1 ± 0.425.3 ± 0.21.2 ± 0.10.7 ± 0.15.2 ± 0.4± All data are represented as the mean of triplicates with standard deviation

Chemical composition of water-insoluble fraction (WIF) after pretreatment {#Sec16}
-------------------------------------------------------------------------

Following pretreatment and liquid--solid separation of all samples, the compositions of the solid, water-insoluble fraction (WIF), and the liquid, water-soluble fraction (WSF), were analyzed. Expressed as percent of dry matter, Table [4](#Tab4){ref-type="table"} shows that the trends of the WIF chemical constituents were generally consistent with the compositional data in the raw biomass. The sugar and phenolic contents of three coppice samples ranged from 17.9% to 55.2% and from 37.4% to 50.5%, respectively. Comparing WTC and NLC shows that leaf removal increased the WIF sugar content by 13.8% and lowered the phenolic and ash contents by 6.2% and 3.8%, respectively. Typically, WIF of LC contained the lowest sugar content, but the highest phenolic and ash contents. Although leaf removal significantly enhanced the sugar content and reduced the phenolic and ash contents of WIF, the NLC sugar content was still 8.7% lower, and phenolics and ash were 6.2% and 1.9%, respectively, higher than WWF.Table 4Chemical composition of WIF after steam pretreatment of poplar samples (as percentages of the solid weight)Chemical composition (%)ArabinanGalactanGlucanXylanMannanTotal sugarTotal phenolicsAcetic acidAshNLC0.1 ± 0.10.1 ± 0.152.2 ± 0.32.4 ± 0.30.5 ± 0.155.2 ± 0.137.4 ± 0.11.6 ± 0.22.0 ± 0.1WTC0.1 ± 0.10.4 ± 0.136.6 ± 0.13.6 ± 0.30.7 ± 0.141.4 ± 0.143.6 ± 0.11.9 ± 0.15.8 ± 0.3LC0.4 ± 0.10.9 ± 0.213.1 ± 2.93.2 ± 0.60.4 ± 0.117.9 ± 0.650.5 ± 0.22.5 ± 0.99.8 ± 0.4WWF0.0 ± 0.00.0 ± 0.062.4 ± 2.41.1 ± 0.10.4 ± 0.163.9 ± 0.331.2 ± 0.10.0 ± 0.00.1 ± 0.1± All data are represented as the mean of triplicates with standard deviation

Chemical composition of water-soluble fraction (WSF) after pretreatment {#Sec17}
-----------------------------------------------------------------------

The amount of sugars, degradation products, and the pH in the WSF after pretreatment were measured. Table [5](#Tab5){ref-type="table"} shows that sugar yields in the WSF varied across different poplar samples. Consistent with the results in Table [4](#Tab4){ref-type="table"}, the majority of minor sugars resided in the WSF, as hemicellulose was mostly dissolved during pretreatment for all poplar samples. Sugar yields are presented in the unit of kg/tonne, implying the total soluble sugars released during pretreatment. For the coppice samples, the glucose and xylose yields ranged between 15.8 to 63.5 and 6.9 to 96.0 kg/tonne, respectively. Minor sugars, including arabinose, galactose, and mannose, represented a non-negligible composition in the WSF, and their yields ranged between 7.6--9.7, 5.6--8.5, and 1.1--14.3 kg/tonne, respectively. The trends of total sugars in WSF matched the sugar content in original biomass. As the amount of the individual sugars decreased from NLC to LC (Table [5](#Tab5){ref-type="table"}), the total sugars decreased from 192.1 to 37.0 kg/tonne in the WSF. The monomeric sugar percentage in the WSF is critical because it indicates the amount of direct fermentable sugars. Most sugars in the WSF were recovered in monomeric form except for the LC biomass. As shown in Table [5](#Tab5){ref-type="table"}, leaf removal significantly changed the total amount of dissolved sugar in WSF---from 108 kg/tonne of WTC to 192 kg/tonne of NLC---an increase of 83.8 kg/tonne. Meanwhile, leaf removal increased the proportion of monomeric sugars by 12%. The fermentable sugar yield in WSF was markedly increased by removing leaves. The sugar yield in WSF of WWF, however, was 18.2 kg/tonne higher than NLC. Interestingly, the monomeric sugar contents of WWF and NLC were about the same at 82% and 83%, respectively.Table 5Sugar yield in WSF after steam explosion (expressed as kg/tonne raw biomass)ArabinoseGalactoseGlucoseXyloseMannoseTotal sugarsTotal% mon^a^Total% monTotal% monTotal% monTotal% monTotal% monNLC9.7 ± 0.31008.5 ± 0.29063.5 ± 2.57896.0 ± 1.28114.3 ± 1.179192.1 ± 0.182WTC9.1 ± 1.21007.5 ± 0.77139.2 ± 4.16445.5 ± 2.4717.0 ± 0.365108.3 ± 0.370LC7.6 ± 0.2605.6 ± 0.82315.8 ± 2.1416.9 ± 1.2101.1 ± 0.13337.0 ± 0.236WWF2.9 ± 0.2935.4 ± 0.47962.9 ± 0.776122.2 ± 8.98716.8 ± 1.085210.3 ± 0.583± All data are represented as the mean of triplicate measurement^a^"% mono" describes the percentage of soluble sugar presented in monomeric form

It is shown in Table [6](#Tab6){ref-type="table"} that the degradation products, including acetic acid, furfural, 5-hydroxymethyl furfural (HMF), and phenolics, were found at different amounts in the WSFs. Leaf removal increased the amount of acetic acid, furfural, and HMF in the WSF by 10.0, 8.3, and 0.4 kg/tonne, respectively (Table [6](#Tab6){ref-type="table"}). It is known that with an increase of pretreatment severity, more sugars will be solubilized as monosaccharides and potentially more will be degraded into furans \[[@CR29]\]. All samples were steam-pretreated at the same reaction temperature and residence time with the same SO~2~ loading, however, the pH of WSF decreased from 3.1 to 1.9 as a result of leaf removal (Table [6](#Tab6){ref-type="table"}). The lower pH in the WSF from the NLC is partially a result of the higher acetic acid concentration compared to that from WTC. In addition, the ash in the leaf appears to provide some buffering capacity to the WSF \[[@CR43]\]. Figure [3](#Fig3){ref-type="fig"} shows the titration curve of three coppice samples in comparison with the blank (deionized water). It appears that for any level of acid addition, the pH of extractant from the leafy material is higher than the blank or any of the other biomass type, demonstrating the larger buffering capacity of the leaves.Table 6Acetic acid, furans, phenolics yields (expressed as kg/tonne raw biomass), and pH of WSF after steam explosionpHAcetic acidFurfuralHMF^a^PhenolicsNLC1.948.8 ± 1.514.8 ± 1.52.2 ± 0.123.2 ± 2.0WTC3.138.8 ± 1.36.5 ± 0.91.8 ± 0.221.9 ± 1.8LC3.725.2 ± 0.90.5 ± 0.10.6 ± 0.128.1 ± 0.2WWF1.633.5 ± 0.65.2 ± 0.41.6 ± 0.18.0 ± 0.4± All data are represented as the mean of triplicate measurement^a^5-hydroxymethyl furfural Fig. 3Titration curves with 0.1 M H~2~SO~4~ for water extracts of NLC, WTC, LC, and the deionized water (blank)

Sugar yield and recovery after steam pretreatment {#Sec18}
-------------------------------------------------

Following steam pretreatment, total sugar yield was calculated for each of the poplar samples by combining the sugars in WIF (Table [4](#Tab4){ref-type="table"}) and WSF (Table [5](#Tab5){ref-type="table"}). Figure [4](#Fig4){ref-type="fig"} presents the total sugar yield for each poplar sample. The yields ranged from 200 to 656 kg/tonne. Corresponding to the compositional characteristics of raw biomass (Table [3](#Tab3){ref-type="table"}), NLC achieved the highest sugar yield of 483 kg/tonne among the three coppice samples, WTC had an intermediate sugar recovery of 390 kg/tonne, whereas LC had the lowest sugar recovery of 200 kg/tonne. WWF recovered 656 kg/tonne sugar in total because of its high sugar content in the original biomass. Leaf removal improved the total sugar yield by 93 kg/tonne after steam pretreatment. Interestingly, the sugar recovery was similar across all poplar samples, ranging from 85 to 92%. Although the total sugar yield was much lower in NLC, its sugar recovery showed no significant difference from WWF (Fig. [4](#Fig4){ref-type="fig"}), indicating that the large difference in sugar recoveries was mainly due to the different original sugar contents (Table [3](#Tab3){ref-type="table"}).Fig. 4Sugar yield (kg/tonne), expressed as total mass of sugar per unit raw biomass, and sugar recovery (%), expressed as total mass of sugar per unit original sugar after pretreatment, of NLC, WTC, LC, and WWF. *Error bars* indicate standard deviation from triplicate measurements

Enzymatic hydrolysis of water-insoluble fraction (WIF) {#Sec19}
------------------------------------------------------

Following steam pretreatment, the enzymatic digestibility of WIF samples was evaluated at 5% (w/v) consistency with 5 FPU/g cellulose enzyme loading. Figure [5](#Fig5){ref-type="fig"} highlights the differences in digestibility between poplar samples after 72 h of saccharification. Results in Fig. [5](#Fig5){ref-type="fig"} reveal that NLC had the highest overall sugar conversion, a 72.7% cellulose to glucose conversion, and a 54.7% xylan to xylose conversion. The WTC had lower hydrolysis conversions of 52.6% glucose conversion and 36.3% xylose conversion. Notably, leaf removal improved the enzymatic hydrolysis, resulting in 20% higher glucose conversion and 18% higher xylose conversion. LC had the lowest glucose conversion (23.5%) and xylose conversion (19.5%). By comparison, the glucose conversion of WWF (73.5%) was similar to NLC, while the xylose conversion was lower (34.1%).Fig. 572 h cellulose to glucose and xylan to xylose conversion of steam-pretreated NLC, WTC, LC, and WWF at 5% (w/v) solids consistency with 5 FPU/g cellulose and 10 CBU/g cellulose enzyme loading. *Error bars* indicate standard deviation from triplicate measurements

The digestibility of pretreated coppice samples demonstrated an improvement in sugar conversion with leaf removal and underscored the low digestibility of steam-pretreated LC. The low yield and digestibility of the LC are attributed to the enzyme inhibition of phenolic compounds and ash. Phenolic compounds have been reported to inhibit and/or deactivate cellulase and *β*-glucosidases \[[@CR41], [@CR42]\]. The steam-pretreated coppice samples, especially WTC and LC, had relatively high phenolic contents of 43.6 and 50.5%, respectively (Table [4](#Tab4){ref-type="table"}). Contrary to whitewood chips where more phenolic compounds are lignified, the foliage phenolic compounds are present in the form of low molecular weight polyphenols \[[@CR33]\] such as tannin and some flavonoids. These low molecule polyphenols can be easily broken into monomeric phenolics during pretreatment, resulting in stronger enzyme inhibition \[[@CR42]\]. It has also been suggested that ash in steam-pretreated biomass, especially the metal ions, hindered the action of cellulase and β-glucosidases once it exceeds certain content thresholds \[[@CR40]\]. Compared to NLC, the two-fold greater WIF ash content of WTC could partially explain the 20% lower cellulose conversion and 18% lower xylan conversion. Leafy material with its high phenolic and ash content strongly inhibits enzymatic hydrolysis. Prior leaf removal will be necessary to achieve high saccharification yields at modest enzyme loadings.

Overall sugar yield and recovery after steam pretreatment and enzymatic hydrolysis {#Sec20}
----------------------------------------------------------------------------------

The overall monomeric sugar available after pretreatment and enzymatic hydrolysis determines the total amount of fermentable sugars from bioconversion, and is calculated by adding monomeric sugars in WSF and hydrolyzed WIF (Fig. [6](#Fig6){ref-type="fig"}). For each biomass, bioconversion efficiency is also expressed in two formats---the overall monomeric sugar yield at kg/tonne demonstrates the monomeric sugar from per unit biomass, and overall monomeric sugar recovery (in percentage) represents the monomeric sugar from original sugar in raw biomass. Within all three coppice samples, NLC had the highest overall sugar yield of 363 kg/tonne and LC had the lowest of 66 kg/tonne. The highest overall sugar yield of NLC is a direct result of the high sugar content in original biomass (Table [3](#Tab3){ref-type="table"}), high sugar recovery in WSF and WIF, and the most efficient WIF digestibility. Leaf removal increased the overall sugar yield by 147 kg/tonne, which accounts for 40% relative increase from the WTC (Fig. [6](#Fig6){ref-type="fig"}). Not surprisingly, only 27% original sugars were recovered from LC. NLC recovered 67% sugar after pretreatment and enzymatic hydrolysis, showing no significant difference with WWF (71%). It appears that the branch and bark in the NCL does not impair the bioconversion sugar recovery efficiency. The inherent sugar content was lower in original NLC biomass, however, resulting in 136 kg/tonne less total sugar yield of NLC compared to WWF (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Overall monomeric sugar yield (kg/tonne), expressed as monomeric sugar per unit raw biomass, and overall monomeric sugar recovery (%), expressed as monomeric sugar per unit original sugar after pretreatment and enzymatic hydrolysis, of NLC, WTC, LC, and WWF. *Error bars* indicate standard deviation from triplicate measurements

The differences in sugar yields for NLC and WTC show that leafy material hinders the bioconversion sugar recovery. Moreover, since leaf had an extremely high moisture content (around 70%, data not shown), the mass proportion of leaf will be even higher in fresh biomass. From a logistic point of view, the high moisture content will accelerate microbial-driven deterioration of the biomass during transportation and storage \[[@CR6]\]. Considering the difficulty in removing leaf from the harvested poplar mixture (as we experienced), we suggest a leaf separation operation during harvest. Thompson et al. \[[@CR44]\] have developed an air classification method to separate the heterogeneous biomass mixture into anatomical or visually unique fractions. Ideally, a similar air separation mechanism can be integrated into the coppice harvester to efficiently classify and collect both leaf and no-leaf components during harvest.

Economic assessment {#Sec21}
-------------------

With the assumptions that NLC poplar could be purchased for its heating value---\$53/tonne---we calculated the ethanol selling price required to cover the operating cost using the yield data in the current study. The simulated biorefinery used 700,000 tonne of feedstock per year and produced 144 million l/year (38 million gallon/year) at an ethanol conversion of 206 l/dry tonne feedstock (49 gallon/dry US ton feedstock). The minimum ethanol selling price required to cover the operating cost was found to be \$1.69/gallon, which is approximately the same as the current ethanol selling price (\$1.65/gallon, 2017). Despite the low bioconversion yield, it appears that the NLC biomass could be a reasonable feedstock provided it can be obtained at a discounted price reflecting its lower quality.

The economics of using short rotation coppice (SRC) poplars may be improved if higher value materials can be produced from leaves separated before bioconversion. In a recent review study, Devappa et al. \[[@CR45]\] summarized a number of value-added natural chemicals which can be extracted and purified from tree residues including leaf. Tree foliage is also recognized as a high-quality supplement for animal feed \[[@CR46]\]. Traditionally, poplar leaf has been used as a crude protein fodder resource for livestock, particularly for ruminant animals \[[@CR13], [@CR47]\]. In this current study, we were able to obtain about 12% of crude protein from the LC following a sonication protein extraction method (data not shown).

Returning leafy material to the tree farm could also have environmental benefits. Ecologically, foliage serves several important functions in plantation soil \[[@CR48]\]. It improves soil structure and increases solid porosity for better aeration and moisture holding capacity. In addition, upon decomposition, foliage litter returns the minerals and organics to the site, and becomes a source of plant nutrients \[[@CR48]\]. Complete leaf removal during whole tree harvest might increase the potential of soil erosion, site degradation, and accelerate nutrient withdrawals \[[@CR49]\]. Harvesting trees during the dormant season or using a defoliant would ensure the tree farm realizes the environmental benefits of the leafy material.

Conclusions {#Sec22}
===========

Growing poplar using a SRC system requires the trees to be harvested after 2-year growth such that the root system is well established. Bioconversion of WTC composed of (whitewood) chip, bark, branch, and leaf from this initial harvest were evaluated and compared to bioconversion of WWF. It was found that leafy material makes up more than a thrid of WTC but has a low sugar content, and high phenolic, ash, and extractives contents. Leaf removal significantly changed the chemical composition of coppice sample, and improved monomeric sugar yield by 147 kg/tonne after steam pretreatment and enzymatic hydrolysis. With the presence of bark and branch, the NLC achieved 67% monomeric sugar recovery, showing no significant difference compared to that of WWF (71%). The overall sugar yield of NLC was 135 kg/tonne less than that of WWF, however, due to the low inherent sugar content of the NLC. These findings demonstrate that it is essential to remove the leaves prior to pretreatment to ensure a better overall sugar yield. A minimum ethanol selling price to cover operating expenses of \$1.69/gallon was established from the economic analysis, assuming the NLC feedstock is available for its fuel value.

The growth and maturity of the wood are limited in the first cycle. We would anticipate that the following rotations will have more wood chips, less bark/branch (the second cycle is showing 60% whitewood content in recent harvest), and therefore a higher overall sugar content. In addition, several practices could potentially enhance the compositional characteristics of short rotation poplar and fortify the sugar content, such as choosing higher sugar composition hybrid/clone, modifying the management strategy, and/or mixing with other sugar-rich feedstocks.

Additional file {#Sec23}
===============

**Additional file 1: Table S1.** Relevant process yields and assumptions for economic assessment.

SRC

:   short rotation coppice

SRF

:   short rotation forestry

WTC

:   whole tree coppice

NLC

:   no-leaf coppice

LC

:   leaf coppice

WWF

:   whitewood forestry

WSF

:   water-soluble fraction

WIF

:   water-insoluble fraction

OD

:   oven dry

HMF

:   5-hydroxymethyl furfural

FPU

:   filter paper unit

CBU

:   cellobiase unit

HPLC

:   high-pressure liquid chromatography

NREL

:   National Renewable Energy Laboratory

ANOVA

:   analysis of variance
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